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syIIIl)ol  SNI{,  si{’,llil’i(allt  s(lll;l~ill[’,  l o s s  I(<IIlis ill fiI(’ looj I.” A(l(lilioll:i j, ,I I  ‘ <i)l(( (11( (ioivlllilli(

$}71111)01  lilt(’ (’;111 1)(’ ]))of),liil]llll(.(i 10 till{(’ /l(l\’iilliil~’,(’ o f  t]l( iilll,(’llllil  ii])(’ltlll (’S (Jll tll(’ [’,1 (~1111(1.,

S(”\’(’liil (Iiitii  lill(”  (“ll:ill~’,(’S  (’;ill  ( ) (  ’ ( ” ( 1 1  ill  i: I):;SS  0 1  ii sill~’,1(’  (~~1~, (’il(”ll  ](sllllill~’,  ill (i; itd  1 0 S S  (1[1(’

10 ](>.+~ll(”l  llolli7~klioll”  ill  111(  {:lollll(~  ](w’i\’(1. A t  ]IIt\(IIt , d:it.iI l(Is( (l II Ii II~I) ;i((lllisit  io]l  01  (-j(l(

slil)s  i s  IIOt  I(”(()\I(’Idl)l(’  lI(w;tlIs(.  (’xislill~’,  1(((’i\’(Is ill N A S A ’ s  lhx]I S])::((  N(l\voIl;  (I)SN:I

])10((ss  I I I ( :  si~l,llal ill l(al-tilll(’  dlI(l (io lIot l)llfl(I 01 Slol( tlI(  ](x(i\’  ((i Si[’,ll:i I 101 I(j)] {)(:(ssill  [f,.

‘1’11( lilIfl(.l(d  ‘J’(’1(111(’tly  lhsIII()(l  \lliIl()I  (l\  ’1 ’1))  i s  d (oll(l(llt l(((il’illfl,  syst(III i~:lli(-ll ov(l

(O III(S tli(w’  ]) Iol)l(:IIIs l)y ]c(()](lill  {’, tll(’ Si[’,liiil illl(l 111(:11  l)]()((’ssi)  l{’, alI(l  ](j)lcl(-(ssill[’,  tlI(

Sillll]ll(:S. 011((” ii((lllisitioll  ()(”(’[11s, tll(’  1; ’1 ’1)  ( “ i I l l  OJ)(’l;  lt(”  (Ill 111(’  ])ilS[ (Iiitil llsill~,  (h\tilliilt(:/<

of tll(> Sif,,ll:il  stal,(. (S(1(’11  ii~ ])llii$(”, 11( ’{]11(’11(’~ ::11(1 (10]) ])1(’1 liit(’) to l)il~i(’dlly  [’,() l)ii(”l( ill Iilll(

illl(l  l(((~\’(1  tllos(. Sjllll)ols  l o s t  (llllill~,,  ;I((jllisiiioll. ‘1’llis  i s  1([(11((1  (() ii .<lrlo(#/l[i71g  M’)l(v(,

flllllt(’ (lilt ii is 11 X( ’(I to l))()\’i(l( illl (s{illli:t(  ill tll(’  ]);i\t. ‘1’JI( 11’111) i s  (i(si{’,ll  ((i  IIliiillly  lo]

l o \ %  Sj’llll)ol  liit(’ :i])])li(’iitiolls :111(1 (“.illl 1)(’ illll)l(ll)(]lt((l  011  ii  f’,(’1l(’l ill ])lil})OS(”  \Yoll;Stillioll.  ” 111

01(](.1  t o  1(,(11)  ((. t]I(.  (’olli)) lltiltiolliil”  l(xllli](lll(llt, tll(’  Si{’,ll  ill is 1( ’ (”(11(1(’(1 ())1 il Slll)(”iilli(’1  IIiil

]Ilo]li(  l):isis,  tlIlls  l(,il(l(’lilljl, tlI(.  11’1’1)  ill(l(.j)(.)1(1(’lit  of tlI(’  Sllll(’iilli(.l fl(’(jll(’Ii{y. ‘1’llis 1(.slllts

ill il (“O  Jllj)[ltilt;  {) Ilii]  t]llo[lf},]lllllt  1( ’(jll; l(’111(’llf  ])il  S(’(]  011 t]l(’  ,S\ ’l fll)()]  ]iil(, lilt ll(.1 llliill {)11 [111’

llilll(l\Vi(ltll  oftll(t]  t\llslllitt((l  Si/’,llill. (}()llS(`(]ll(`  lltlyll  Vll("ll;  lllt(`llllil:  ilJiiyill[',i  S(`llll)l()J'(`(l  [ 4 ] ,

0111s  il Il;l(tio]l of tll(’ totiil Sij),ll ill l)illl(l\$’i(ltll  1 1 (  ’ ( ’ ( 1 S  to 1)(” tIiill SIIlil{(:(l t)(’tl\r(’(’ll  illlt(’llllil  sil(s

I(sllltill/’, i]) si{’,llifi(.iillt  ]c(ll](tioll  ill l]itllslllissio]l  ](’(llli](’lll(llts.

S(ctioll  Y 01 t h i s  ])il]}(’1  l)li({ij’  l(\’i(\vs  tll(. (xistill{,, (011(.1(11( ]((-(.  i\ ’(] \vlli(li  (1( ’lllo(l(llilt  (’S

111(’ (I{)l;’ltli[lk  Si{’,lli)l  ill I(”;I1  tilll(. S[(liolls :j iIII(l 4  (I(,w)il)(. 111( l((ol(li)l~; iil I(l (I(lllo(lll  liltio:ll”

fllll(ti  ollSoftll  (’li’ll  J).lti  SSll(J\Ylltllilt”  tll("l{'l  'l)])  ("l f()llllilll  (`('  (`>;('('(`(l  Stllilt  of(’Xi Sti]l~’,l(  :(”(’i\’(’lS

sill  ((. ]1{)  (Itltil  i s  loSt  (111(’ t o  1{1)]()((.ssillf,,. ‘J’11(’  1{ ’1 ’1)  i]llj)l(’l  ll(lltiltioll  011 \’illiollS V,roIl(S[iltiollS”

i s  (.\fillllilt  (<(l  ill s(.(.  tio]l  t),  ;111(1  slllootllili{,,”  Stl;it(’{),i(’s  ill(. (lis((lss(xl  ill s(xlioll  ( i .
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‘li ‘,

111 d(q) S])ii(”(’ ((~llillllllli(iitiolls, l~il~(’lliill(l  S~lllll(jl  S ill{’ tj’l)i(-illly  filst  lII()(lllliIt  (xl OIIt(I

ii ,S(]{lill  (”-  }’,’; 11’(” Slll)(:/illj(>l  till{]  1 ) 1 (  ’ ) 1  01110” il sil](, \\’ii  \ ’ { ’  (’i[llj(’l  . ‘1’llis iillolt’S  tltlllslllissi(~ll  (Ii

ii 1(.si(lllal (’ill li(’l Colll])oll(’llt”  \Yll(W(”  fl(’(111(’}1(’y ( l  O ( ’ s l l )l ((lillci(l(’ wit]} 111(’ (Iilt  ii S ] ) ( ” ( ” t ]  11111.

(Ion S(’(](l(-lltly,  iit 111(’ l(wivill~’,  (’11(1 tll(’ (1( ’(’]) S]):1(”(’ si~,,ll;ll is (l(sIII()(III1:I  I(’(1 llsilip, ;; (all i(’t .,

Sill I(”;illj(,l  , iill(l  S~]lll)ol syllcllloIli7<(,1  100]).  ” ‘i’]lis s(’(tioll  Ijt i(fiy l(\i(\vs tlI( A(lvtiIi((Yl  l{(m:iv(l

(AliX) [ ] ]  ca]lic~ ,111(1 S[,l)(.i[,l i(:, I()()]JS S() tllilt tll(’y (’iill 1)(’ (“olll])illo  (l”  t o  tll(’  (“ill  li(!l  iill(l

s{ll)(iilli(!)  1 0 0 ] ) S ”  o f  tlI(: I! ’l’l). ‘1’11(:  Ali X iS i[ ](xx*i\’i]l{),  SJFS((’111  tlI;It  lliis  I)(x*II  (1(’\~(.lo])(J(l  t(I

(li{),itiill~  (I(!lllo(llllilt(” iill(l  ] 1 1 0 ( ” ( ’ S S  Si{},lliil  S fl(llll  (1( ’(’]) S])ii(’(’  S]};1(”(’(”1 illl  . 1( i s  :1 1)1(  ’a(ll)():il(!

Syst(  .111  fol III(. 1{10(’1:  \l I(wi\’(.l , v;lli(ll \vill (’\’(’litlliIll)’ 1( ’])lil(”(’  \rilljollS ](’(x’i\’(.  ]s (111 I(,llt 1}’ 11S((1

iti tli(>  lJShl /2]. ‘1’11(:  IItaill difl(:l(vtcc  1)(’I\\((’11  III(: Ali X ii])(l I! ’I’J) ;S tl]i]t. t.l I(L AI{X  (Jill)i(]  ii])(l

Sllll(’il  Il i(>l  10(1})S  ]j](j(’(.SS  tll($  l(.((,i\r(.(l  Si{,,llill  tif((.1  ii 11:1S  1)(.(.11 ()})(’11  loo])” (l(l\$’1l CO Il\’(’1  1(:(1 to iill

illt(”l  ll}(xliiit(’  fl(:(lll(’ll(-y  (11”)  } l ’ l l ( ” l ( ’ i i < , fll(’  11’1’1)  1(10])S  j)]()(”(’SS  tll(’  ](’(-(i\  ’(’(l  si~,llal  ii ft(’1  il. 11:1!+

11( ’(’11 ()}1(’11  l(~(j}j  ( l ( j\$’ l i ( ’oi l\’ ( ’1  ((’(1  to l)ii~(’lliill(l  (Jll  il s[il)(iilli(.]  liii]lllo]li(  I)ilsis.  A l l  tlI(’ 0111(.;I

1(’((’ivill~l, fllll(tiol)s,  (’.f~,. .syIIIl)ol s~Ii(lllolli7f;itioIl”  ., s}’1111)01  (1( ’t(. (tioll, 10(]: (I(tc(t ion, (:t (., ;Il(

illll)l(’lll(:)lt(’(i tlI( SZIIII(O  w:iy ill lI(It.11 tlI(J Ali X :111(1 li’1’1).  (~ OIIs(\(lIl(  ’IItl~F, ilIc~’ alc IIOt (Iis((lss(:(l

ill Illis  al ticlc.  lllst(:d(l, t.11(: itlt(l(+t((l 1( ’;id(.l is 1(’f(’l  1( ’(1 to [J) fol il (( III I])lCt(  1( ’\’i(*\v of tlI(sIs

fllll(tiolls.

A  1)10(1(  (li~i~~,liillt  of {II( Ali X C:III;(I iill(l  sl)l~(;itlicl I()()]Js is S) IOISJI ill l:i~’,, 1. ‘1’11(:  l(:c(i\ (xl

si[,,ti;il,  \!’]li(ll  jS ilSSll  Ill(’(1  t{)  1)(’  ii tj’])i(’iil  ( 1 (  ’ ( ’ ] )  S]);l  (’(’ si{~,llill,  ilfl,(]  (\()\yll(()liv  (’lsi()ll  to iill

/ 1 ] ) ]  )10])1  i;tt(: ll;’ Cilll IW 1(:]  )1( ’S(:llt  (’(1 ;iS [2]

?(f) : \fiLl)((m(A) SiIIIV(( f)] -I \fill’sill(A)d(l) s~’,ll{si]l[~~st,(i)]} ((w[V(( i)) -I ?/(/) (1)

W’11(.1(’  tll(: filst  tcl  Ill  ](’J)](:S(’I  IIS tll(’  l(.si(lll; il (’.illl  i(l (X)]ll])oll(.llt alI(l tll(.  S(.(011(1  t(.1 III 1(.] 11(, s(, ]Its

tll(” (Iilt  i i  IIlo(l(llilti(lll. ‘J’11(” totiil ])01$’(’1 1’ ill \’iJ:itts  (\~r) is (ii\’i(l(xl lI(t\v(x:II  tll(’ l(si(l~lal

{:11 Ii(’l :111(]  (I;it;i 11~ (-.olltlo]li)l~l, tll(’ lllo(~ll]:(ti(])l  ill(l(:xl A .  Sl)(:(i(i(a]]y,  t,]I(: (iii Ii(.1  ])()\Y(’1

II : 1’ (OS2(A) iIII(l III( (Iiitii ])()\\(I 1’{1 : 1’ si117(A),  l(wl)(ctiv(ly. ‘1’11(:  (]llillltit~  I i ’ , ( / )  i s  tll(:



{(l{il]  (“ii TJ;(’I  ]I]lds(” illl(] !f~i,(~)  ;S t]l(”  !olil] Sll})(”ill J;(!J ]~]lil<(’, l)otll ill lil(liilllS.  ‘1’11(” (liltil,  (l(f’),

i s  p,i\’(:Jl  1 Iy
c..,

d(f)  : } ; 0/])(/  /’/’) (2)

1: <.:

\vl  I(.1(:  }J(t)  i s  tlI(s  Il)lit-]jow(:] s(]IIa  Ic ]~llls(’  liltlit (xl to Y’ s(Y()]I(ls  :I]i(l {(II} 1( ’])1(:s(!111S  tll(’

ill(l(~lj(:Il(l(:llt  ~111(1  (:(]llilll}’  lik(:ly  I)illiily (: I 1  )  S~Illl)(~lS. ‘J’)Ic IIoisc ]JI occss, ?{(t)> is Iilo(l(:l(:(l  ilS

I}:III(l]);Iw  wit]l ;I flilt ()]1(’-sid(:(l  ])()\v(I  s]~((t]ill d(.llsity  ( 1 ’ S 1 1 )  lc\(l ({l{Iii] to A)(I \~7/)lz. IIY

(mj~I(:ssili{’,  tl)(:  S(]llil)  (:- M’itV(’ Sll])(”ill Jj(:l /l<  illl i]liillit(: S(llll, i.(,,

sf,t,{sill[~’.,,,  (f)]} ~}’;~.sill[jQ’,Ll(/)]
,=1,

,<.<1<1

iy,(:d si~,llal  w]lic.11  issalll])l(:(l  at lilt(’fs: 1/’/’s  (“iIll  lj(”\l’Jil  (“11  :1s

(:i)

‘“ Sll])(’tllJ  i(l  ]Iilllllo]ii(”  (1, i s  ;111 ()(1(1  illt(’[),(’J  )  :11(’ tlSSlllll(’(1\vII(I(  ()]IIY  IIill]l](jlli(.s II]) to tll(’ 1/ .

fo 1)(: lJI(:S(:II{  iit tll(’ A/l) ~()]ll~(:lt(l OIlt])IIt ill l~i~,. 2.. Stllll]ll(:S  of tll(’  l)illl(l])il  SS II(}is(  ( “ i I l l  11(’

(X J) I(’SS(!(l  as

?/(i:’/\)  : /’2.t11 (k’1~)  C(H[Wc(/:’/~, )] - V?71Z(1:’1:) sill[~’c(l~’l~)] ({))

\Vll(’1(:  tll(’  lilll(lolll  va]ial)]cs ?11(I:7:) illl(l ?l~(l:7~) ill(’ Sillll])l(!S of tll(’ 1):1 S(!1);111(1  llois(:  ])]()(:(:SS(:S

7/1 (/) :111(1  ?l~(f) wllic]l  ill(! il<S(llll(:(l  to 1)(: s t  atisti(al]y  iJl(lC])(:lld(:llt  , \vllil(’  (~:111 SSii\ll  IIoisc

]JI(K{’SSCS  ]\il)I  ii fliit 011(: si(l(:d 1 ’ S 1  ) l(:\~(:l (:(l(litl to A’() \~)/llz ivit hill it OIIC si(l(:(l  I)tlll(llvi(llli

(’(lllill to l/(2.’l~)  II Y,. AS  tt I(SSIIltl  ?(l(l:’l~)  iill(l ?/2(Ls7~)  iII( z(:]() II I(SiIII  wit]]  \~iilii~ll((  O;]  :

07 :?<> Al(,/(?.’/; ). Wll(’]1

illloi$” il sill]])l(:l IIotiltioll”

‘1111(: l(:Sidlliil  Cdl I”iCl

il])])l ()])]  iilt(:, tll(: til]l( i]l(l(x /;’/’s will I)( ()]]litt(’(1 fl(~]ll II(j\v (~11  to

1 il(”kill~, ](K)]) cOII{J()]  Si~, Jlil],  /lq i]! ]“;{:. 1, is (1(.] iv(d l))’ ]llixill~, tllc

ixc(l 11” Si/,Ilill Wit]l its (:illli(’1 (](lil(lliltlll(’  Colll])oll(:llt,  ” lo\ V-])2iSS filt(’lili~, tll(’ IIlix(.1 ollt])lltj



‘v 9,

])llas(!  rllol’,  ?/[), is a Z(.1()  111(2111  (;allssiall  lalI(lolII  l’dlialll(: witl~

Y;, :  M17~ is tlI( 1(K)])  u])(ldte  ilitu  v:(1  ill s(wJIIds. Not(  tlIiil  tlIc

ill w]itijl~,  ((i),  sill(:(:  it i s  assIIIII(:(l  tlIat tlI(’  iIc(:u II II IlatoI  ill tlll(  (.al]i  (.1

quad I dt, ul (: ii] III iiwu a~,cs mw  s(x’c]  al sul~c.dl  I i(’1  cycl(:s  (i. (:. ,  J.,,:/;, > 1 )  so tl,i,t  tllc  data  s,,,,,

i s  ~ll)})l(jxililttl~:ly  w](). It will 1)(: sli(}wli ill s(:ctioll 4  that tlI( 11’1’11  calli(:I  loo])”  (olit lo] sip,llal

IIas tll(: siil)]c sig,llal })ow(:l all(l IIoisc statistics as ((i) all(l tll(’l(:fol(’, l)otll I(J())Is \vill lIaws tlI(.

sal II(: tI a(ki)l~,  ])(!]-fo] II IaII(X:.

N(xt,  ]ct’s collsidm  tlIc s~ll)c.alli(l  flackill[},  100]).”  A s  SIIOWII ill 11’i{I,. J , tlI(: ili])llt 10 tlI(s

sIll)carIic.  I 100])  is {lIC qlla(llatlllc  coIIIl)OIIcIIt”  of tllc 1(’si(lllal  CaIIi(SI . ‘~lll(’  Slll)[:illli{:l  (’.0111101”

sif),tltil i s  ol)tlaill(xl 1)~ folItlill~, tll(’ ])l(~(lll(’tl ~i~q,s,,  I\’11(’l(!  X: i s  tll(: ollt])lll  of tll(! Slll)(’iilli (’l

ill-l)llasc  :11)11  illl(l Xq,. t, i s tll(’ ollt]}llt of tll(> slll~(alIi(:l  (]llil(lliltlll(’  ill!]]. Not(: tllilt tll(’ S11})

S(’I i])t ‘s?/’ ill ~q,~,, is 11s(:(1  1,0 (listill~!,(lisll it fI(JIIJ Z(,,~c,,, tll(’ (]llil(lliltlll(! illlll of 111(’  S(l])])l(’SS(  ’(1

(“.illli(’l loo]).”  ‘I’llCSi~,llill  SZ1tlll(l  Z 1  ‘q,st,,  ~) )ttllll(:(l  ilft(!l  l(:S]~(’.(’.tl(  :1~l~  lllixlllp,  t,])(,  l(:si(]~l:l]  (~II]j(:l

(]llil(lltltlll”(’  Colll]K)ll(’llt  u’it]l  tlll(!  Slll)(:dlli(’1  ill. ]lllil S(: ;Ill(l (]llil(lliltlll(’ l(:fCl(:ll  C(:S illld  (11(:11 ilC-

((]lilllltttill  p,tll(:s(:sti  lll])l(:sc)\ ’(’l ;lS~llll~Ol  (lulati(~ll  (]l(:lf{’(’t  Syllll)ol  S~ll(:lll  olli7<iltioll”  ilSSlllll(’(1),

;11(: /’,i\’c)]  il~ [1]

Xi :  Jl~(//l’j(~Jdf,,)  (.OS(~~~)  ‘{ ?/~, ( 7 )

illl(l

Z*,$,, ~ r\ ~’dc/iN.J(ff’sll )  (“.os((jc) I ?,~,,,,, (8)

Wllcl(: #$t, i s  tllc Sul)cal-ri(:r  l)llds(. (:1101  illl(l tlI(: full(:tiolls, 1“1(~~$,,)  all(l l’~)(~~.$,,), al(’ I)(’I iodic

f~lll(:tiolls  of +S1, (] Wli(,(l 27, ) ~,ivcll ill tll(: }~lili(ilml JJII:,W i]lt(:l \]i\l [- 7,,7] i(S foll(,\vs [ 1 ]

)’)(1),,, ) : 1 -  ;l{).,,,l, [~),,,1 <71 ({))
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:111(1

‘t ‘,

I (7./7[ )(%3,(

l’~)($i,,) , sgll((/)*”)ws” (lo)

( Zs!,ll(d,u)  -  (2/7i)qfk, 7 1 ( 1  -  w~u/2)  < l~),,u[  < 7i

‘1’llc ])dl all)(h) W81,, ill f] ac{iolIs of (ydcs, is tlI(:  wi(ltlI o f  tlI(’  sul)calIi(sI  will(lo\v  (lil~,,  < 1

illl(l  14’AI,: 1  (’.01 ”1”(!S])[)11(1S  to 110 \$rill(l(}\$’ ) .  It i s  USA i,, t],,! quad,atulc  d,,,, to i,l,,),o\K! ill,

s(j  IIal(:-wav(: trti(.kill~, ]JcIfo] II Ial I(r [~{]. ‘J’11(: lIoisc ?IZ, alId 71XQ,S,, ill ( 7 )  a n d  (8) :11(’ ill(k!])(!ll(lcllt

will) l’cs])cwt iv(! \~iil ;;111(’(% N(, /(2’/ ‘) all(] A~OM~sL,  /(2’/’) U’1lc’1’(’  7 ‘ d{!llot(:s syl Ilhol (Ill l”atioll . It

will I)(: slI()}vII ill scctiol} 4 t]lat  tllc 1{ ’1 ’1) ill-l]llas(: alId qlIadIatl]I(’  ;I((’LIIIIIIl:Ito  I ollt,]jllts lIav(

tlllc  sal II(: sip,]lal  a]Id ]lois(:  statistics as ( ’/) alI(l  ($).  (;olls(:(lll(:lltly,  l)otlI Slll}(.al] i(l loo])s w i l l

IItiv(: tll(: sal IIc colltllol  siy,))al alId tll(:l do] (:, tli(: sdl II( tlackill{~ ]wlforIIIaIIc(:.

l“illal]y, l(:t’s collsi(l(:r tll(: s~I])])I(:ss(d  (:II li(:r \~iill sul)caI l-i(’) CAS(: ( A  : 90° ill ( 1  ) ) .  111

{l)is s(.(:lIiil io, t.llc sul)l)r(:ss(’(1 call  i(’1 I()(JI) c(~lltl(~l si~),lial  is oljtdillcd l)y fol Irlillg t]){  })lt)du(t

XiZq,$c(l  ~S sIIOW]I ill IJig, 1 .  ‘1’11(: si~l,llal 2,, \\’l Ii(:l I was sllolf’1]  to I)(’ tlic Slll)(all  i(v ill-l)llas(

(’olll])oll(.lit)”  II()}V I)(:COIJIC.$+ tlic $+Ill)l)l(%scd  Cal I i{’] ill-})liaw c(J]II})()]Ic  IIt 1)( ’caIIs(:  it is al I(:a(ly

}~]()))(~] tiollill to (: OS({Jc)  all(l l’j({J$,()  as ill(li(.at  (xl l)y (7 ) .  ‘J’} 1(: slll)})l(:ss(:(l  (.;11 Ii(:] qlladldlulc

(x)]  I I])ollcllt zq,~c(, i s  gcl)clatlc(l l)y II]ixillg tl)(: (Iiy,itliz(d 11” si~,lidl u’it]l tlli(: (jua(ll atul(:  ciI]I icl

l(:f(vcll(:c all(l tll(: ill-l)lltts(:  s~ll)(:alli(:l  l(,fcl(:llc(:, all(l tll(:ll :lc(~lljl(lliltill~,  tlI(: l(:sultill~,  sdIII])]cs

()\’(’l’ a Syll 11)01 dlll”at!ioll  . 1 I(IICC, tllc Stl])])l(xw(xl c.dlrim ill-])lldsc al}(l qua(lratllI (’ si~)llals dI(

$,i\’(’11  as [1]

Z: : ~1~({11’j(~~s,,)  (’.OS(~J~)  ‘1 ?l~, ( 1 1 )

W’ll(!l”c  ?/~i and ?l~q,,c,, ar(: ill(l(:l)(:ll(l(:llt,  \vitll variali(..(: A’(1/(21’). 1! w i l l  I)(’ SIIOWJI ill scctiol) 4

that  tll(: ill-l)llas(:  a]l(l (luadlatul(:  si~l,llals of tlI(: I\ ’J’l) SUI)l)I(:SS(XI carricl- 100})  IIal’(: tll(: SaIIN

statist,  i(:s as ill (1 1 ) alI(l (1 2), 1 lc]Ic.c, l)otlI SII]J])IC.SS(:(l  Cal 1 i(:] I(K)])S will IIavc: t,ll(” Sdllw {:11-01



si~, IIal alId t,lackillg  ]J(:I-foI  JIIaIIC(:.

A s  i n d i c a t e d  (mllicr, tllc 1! ’1 ’1) l)mccss(:s tll(: lw(:iv(xl  si~,]lal  aftm it IIas IMWII Olm-lool)

(lou’llc.oil\’(:Jt(:(l” to lmscl)aIId  olI a SIIl)(iIII  i(v IIalllmlli(  l)asis ali{l l(scoI(lcd  olI ta])(:+  ‘J’llis  s(!c-

tio]l (I(:s[]il)(:s  t,w’o ]1](:1110(1s  for 1(X:()] (Ii]lf, tll(: ] (x.ci\’c:d sip,llal ilf Imscl)ii]  Id. ‘1 ‘II(: fil si ]ccordi]iy,

SCII(:IIIC) (Ic])ic.tcd ill l’ig. ?a, distlil)utcs  tilt: saIII])l(d 11” si~,llal into 9 calri(!l Cl IdIIIIdS aIId 4!/

slllJcall-i(:l ~llii]i]](!ls  WIICIW ?( (lC]IOICS  t,])(:  IIIIIIIIJCI  o f  s~ll)c.arli(:l IIa]lllo]iic.s ]JI(XCIIt  at t,lI(:  A/l)

out])ut a]i(] i s  r(:l~td to 1, (t]](’ ]li~,]lcst  r(xwI(l(xl sul)carl i(v ]Iarllmlli(:) t]lwu?)]l  1, : 271 - 1 .

liccol(lillp, of tllc canicr r(:quim two clidllll(:ls lw(ausc  lw(:lmli(l  (I(:]llo(llllatioll”  ](x]uil  (:s lmt]l

ill-])llasc a]l(l (Iu?l(lrdturc sallll)l(:s. sill)i]al]y,  ](:(;ol(lill~,of” cac]i sul~c.dlli(:r IIdllllollic mquims

4 cl]al II I(:ls, 2 cllalll]ds  (1 ill-] )l]as(’. slll)(.alli(>l Cllallll(’1 dlld 1 (]lla(lldtlll(  :slll)c.  alli(:l cl IdIIIIcl )

]m C; IIIiCI  CJIaIIIICl  (ill])llascalld  (] IIa(lI-tItIII(:).  ‘1’dl)lc la (l(:])i(:tst  llcl(~ssil  lcl~lt:l])[)\\’tI  asa

f(lllc.tio;l o{tl]cl)igllcst  rw.oI(lc(l  sul)c.drlicl  IIalllmllic 1,.

l’h(ll  I)dlld of tll(: Sdllll)l(d 11” si~,lidl i s  ;(s(O1(  1(:(1  a t  lJasclmlId  dft(:] ]Ilixi]lg,  it wit]] t(J]Its

tIIIId to its ])lcdictcd c.mltla  fmqll(:l)cy. ‘J’]](:  ])rc(li(ts  alc dssulll(’d to 1)(: Cl{) S{:, I)ut IIot

(!xdct!ly (!qll?ll, to tll(! actual lhalld c(’lltl(’l  fl(!(]ucllc.y. 1“01  cxalII]Jl(:,  (:oltsi(l(:ltl)c  two cl IaIIII(>ls

that  lcc.old tll(:rcsi(lual  cal-ricl. IIi tllclcsidual  cal]icl  sill(’ cl Ial II I(’1,  tllesalll]]l(:d  11” si~,llal  is

II)ix(xl with <1 sill ~~c(k7~), wllc]c $c(k’l; ) is al) (:stilllat(: of tllc actllal  carrier  ]jlIas(  Vc(k’/  L),

all(l low-]) ass filtlcrcd to ol)kil) tll(: lccmd(:d Wil\’(:fC)ll  Il C~S(}:Yi).  Silllilfilly,  ill tlllc lcsidual
,

c.arIicI  c.c)siIlc Cl Ia]IIICl)  tlIc  saIII])lcd  llr si~,llal i s  l]]ixc.(1 wit]l JlcosWc(k7~)  a]l(l l(w-])ass

filt(:lc(lto  ol)t aill” Cc(k7 ~). ‘J’ll(: l-(:(.ol(l (:(lc. ;(rli(:l isf,ivclllly [G]

(13a)

(131))
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A .
Wllcl”c  (IC = we -  we, a n d  Wllclc, llsill~,  illc IIcavisidc  O]m’atol” llotzltioll]  ,

?/c, = )Ic(z.)  { -  ?/, Sill(oc)  -  ?l~ Cos(oc)} ( 1 4 a )

Ilcc  : IIC(2) {7/1 COS(OC) -  712sill(Oc)} (141))

‘1’lm  1OW-]MSS filku  }Ic(z) i s  assuIIId to l)c lmlldli]liitcd  to }Jc 117(. l(’llltlllcllll{)lt:,  sillc.c  t]I(:

c.alrim frcqucIIcy  c;Ior (dc]ivallivc  of [)c) i s  assuIIIcd  to lx: II IUCl I sIIIallcI  tlla]l l~c, )mtj]l  ?/c,.

all(l nc,

w/llz.

011(:

arc l)asc}mIld lWOCCSSCS  littlitcd  to IIc wit,ll  a flirt OIIC- s i d e d  1 ’ S 1  ) k:vd qua] to NO

a])])l oacll to I)ascl)alld  mc.ordillp,  of tllc sulmII  iu is tllc two sta~,c (]()\\’ll(:()Il\’cIsi()ll

SCIICIII(:  SIIOWII  ill l~i~,. ?a. ‘1’llc first stag,c cmitcrs  tllc 11” slwc.tlulll  ]Ical  d{” l)y  IIlixillg it

witl]l  sillc a lId cosillc  I cfcmlc.cs  tllllcd  to t)llc ])] cdidcd  cdl  I ic:l fl (xlLII:lIcy. ‘J’llc S(!mlld St!agc

fiIst  i]ldividually  [lc)\\’IIcc)II\T(:Jts  cac.11  o f  tllc sul)callic]  IIar]]mllics  to l)as[:l)alId  I)y lllixill~, tll{

outl]ut  of tlllc  ~irstf st)a~,(: wit]i sill(:  alId c{willc  l(:fcmlccs  tullc(l  to IIlllltil)lcs  {)f tll(: l)dictc(l

slll)callicr frcqumlcyj tlllcll  low-l  )ass filtms  tllc  II)ixc]  outl)ut  follmvcd l)y IccoI dill~, o f  tllc

(lcsi]cd  sul Jc.arI  icv IIarl[lo]lic. ‘J III(: data ])o\v[’1 1{)ss (111(:  to low-]mss  filt(:]i]l~,  i s  tal)lllatcd  i])

‘1’al)lc  1 l) as a fullctiml  of tllc lati(] of tllc lmlldtvidtll  113,,  (of tllc filtcl lls,,  (2) ill l“ig. 2) to

sy],]l}(~]  lat,(:,2 A s  SIICWII i]i scc.tio]l 4 ,  coll(:] CIIt sulx.arricr  (l{lllo(l~ll:ltioll”  Iequir(:s  a]i illtcp,cl

])llasc Iclatliollslli])  Iw IImilltaillcd  l)ctwcc.11 tl)c sul)c.drrim  rcfm:]lccs  that (Ioltll{:olll’(:lt”  tllc

sul)c.arricr  IIall]loliics  t,o l)ascl)al  Id. ‘J’llat  is, l(!t ti~ ~,, dcllok tjllc  ])has(! o f  t!ll[!  l’(!f[!l”(:]lcc i]lat,

(I()}!’)lcc)lll’cltjs  tlllc  fulldallmltlal  IIalllmllic., tlllcll  tlllc  ?II ‘“ sul)c.tirlicl  lIa I IImllic is dowIIcoIIve.I kxl

by IIlixillg tlIc  out])utl o f  sta~,c 1 with lefcmlcm that  lIavc ])lIasc qua] to ?//$$,,.  ‘lllIC foul

siglla]s cc)llcsl)oll(li]lF,  to t.}]c lccoldi]lg  of ilIc ?// ‘}’ sul)caI  rim IIallllollic  ar(: rCl)rCSClIt4Cd  as (III

is  al I odd illt,cgcr)  [6]

,f’(J:;L) , .
J

1$-
%1

C(X+[tIIOSt,  J sill(<)c) -1 71$~~, (15a)
71 II)



(1[)[’)

(Ihl)

W] ICI(! t]l C llOi S(: k] JIIS ;I1’C  F,iVCll  by

It calI I)C vmificd  t,llat 71$~\c,  7/$/,, ?l~~~,, a n d  ?~~~, aIc l)asclmlId  ~)roccsscs lilrlitcd  to 11s,,,

tllc lmlldwidtlll  of tltc low-lmss  filtm IIs.U (2), with a flat  ol lc-sided 1’S1 ) km:]  qua] to A’o/2

w/] 1 Y, . h(l Ol”C()\W, it call ]m sliow’]1  that

S[?t:!/ n:;],] = o 0:,?/  c {Se,.w,cs,cc}; 2: + y (1’(a)
?//,?/  c {l, hi,...,}/}

f[ny~ ?/!;],] : () 2: < { S e , . u , c s , m } ; (I’m)
?/1>?/ ( { 1 , 3 , . . . , ] / } ;  ?// + 7/

\\’llcI”(!  S[x]  [l[!llot!cs  tlll(’  Cx]m.tcd Value’ of x > a]]d 1, is tllc IIip,llcst IIar)]lollic  })msult  at A/l)

Olltf])ll  t!.

A] Icd,lIcr a]q)roadl  lm hasel)alld  rmordillp,  d tl](: rm:iwd sigjjal i s  SIIOW]I ill l’ig. 21.). UII-

]ilic tllc ])]cvious  rccordillp,  sclIcIIIc  wllicll lJscs tllc t,wostagc  cloli’l)cc)lll’clsioll”  tcclllliquc,  tliis

S] IOWII j]] ]1’jgJ,.  ?~), t,]Ic saIJIIJ]cd  ]]1’ sjf,l]a]  is stj]] (]jstlj])uk(]  jl)to  (4?/ -{ ?) c] IaIIIIc]s. ‘J’][c

two clIa]lJ]ds used for rccordillg,  tl]c res idual  calricl mllail)  tllc sal]]c fo]-  illis ]Icw’  sc~lcJIm.

(k~llscqucl]tly,  tllc wcordcd  c.alricl  is as givcul Iy (1%) and (1 31)).  1 lowww, tllc suljcdrlim
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(7,,)
Itslla.

(,,,) - ~1 :J
‘“ ?1s1/,,  .’ .“

(,,,)
(!”) : ‘// S.,cc?lSUC+

(,,’ )
-  ~ls[l,,

(?,,  )

11 S[1,. = 7/:[/( - 1  ?l$~,

(201))

(2?OC.;)

(20(1:)

Cl(!dl”ly,  ?1$:/,
(m) (,,,) (,,,)is Cmlclat,cd  With ?lL$’(],. dlld ?l.s1],+ is com:]atd with ?IS{lc- .

4  Coherent llaselxmd Dcmoclulation

‘1’l)is  scc.ticnl  cn]sidcrs  tl)c  col]mc]lt  lxmlmlId  (lc]Ilo(llllatic)]l  of t}Ic c.a]ricr,  aIId sul)carricr

WIICJI t,llc ]nodulatioll  iIldm (A i]] (1 )) is SUCII that  tlIc  rcccivcd  sigIIal  collsist,s of a sinusoidal

carricu aIId squam-wave sul)c.arricr ; as well as, t]Ic c.asc  WlICII  tlIc rcccivd  signal  co]lsists  of a

su])])rcsstd  mrriu wit,]]  sqllam-  wave  sul)ca  II icr (i.e., A  = 90*). ‘1’1](: dm]mdulatioll  fullctio]ls

l)cgiII  by rcadillg  t,l Ic rcc.oIdcd  si~,llals o f  schioll  3 fmlll  a ta]jc driw:  aIId tllcll  l)mccssill~,

tlllcll]  to ot)tai~l  c.olItml  signals  for tltc c.drricr, sul)c,aryicr,  and su])])rcsscd carricn  tracliill~,

](w})s. l{mxill  t,llatl two lII(:t,lIo(ls  fo]- t Jascl.)tIII(l ]ux)rdi]lg  o f  tfl]c  1 1 “  sigl]al wa(:  co]tsidmd

i]l scdio]i 3. It w i l l  I.w slIowlI that  tllc lh3scl  JaIId l)roccssi]l~,  ccj]]csl)c)]lclillg,  to tlI(:sc  two

]IIctlIocls  is vay si]l]ilar  Cxc.cy)t  for a l i t t le  mtra ])roc.essi]]g  that  is rcquid for tllc dircc.t

{lo}f’11(:()]1~’clsic)]l sdIc311e,  t411c scxolId rcmrdi]l~,  sclIo IIc i]] scdiol)  3. III this scc.tio]l, tllc Calric:]

tri-icki]]g 100]), wllidl i s  t,l Ic SaIIIC f o r  Imtll]  mcodillf,  SC} ICI IICS)  i s  dcsc.rild  first. ‘l’IICII1  tlI(:

slll)carricr  alId  su])])rcssccl  calricr  lcm])s  for t,llc  t,wost,a~)c  clc)\\’Ilcc)ll\~(:lsic)ll  r(xx)IdillF,  sc}IcIII(:

arc dcscrild,  alId followed l)y t,llc additional })mc.msi]lg,  lIdd for using, t,l Ic signals  c)f t,l Ic

dird clo\\’]lcc)Ilvc]sic)]l  SCIIm IIC,

‘1’IIc c a r r i e r  tracki]lg  100]), dq)ic.td  IICZII- tlIc Lottolll  of l“ig. 3a,  msj)cc.tivdy Il]ixcs tllc
A .

sig]lals  Cr aTId C$ wit]l  ms([)C)  aIId siIl(@C) I)cfom slll)t,racti]lg  t,llc ]I]ixm outl])uts  aIId accu  -

]]mlati]]g  tll]c rmultri]lg  saIIq)lcs  ovcu tllc loo]) u])datc  illtmval  to for]l] tllc  camim 100]) ccu ItIol

Signal, l~q. IIcllc.c,
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wlIcre  6C is aII Cst)imat,c  of tlIc  rcxmdd carricu  ~}l)asc  C)C. Sllbst;hlt;l)g  (1 3a) all(l  (13L) for ()$

1 assul]li]lg  t,llat tllc!  GITI’;C!l”  phaseslid L’cj thmt mjjallding  al]d calldilig  colt Jlmll tJmJls,  i-illc

errcm,  #Jc : (3c -- 6,, vaJim s l o w l y  mu tJIC 100I) u~)datc  iIItCIVd, YL = A41 7;, yicdds

aIId ??Ca al]d  71CC am givul  b y  (14a)  and  (141)).  Sillcc l)otlI 71C, i311d  7/=, am mm II ICa  II wit]l

a  flat  ollesidd  1’S1)  lcvd cx]ual  to AT ( )  \V/llz  witllill  a InuclI wider rm.ordillg  Lalldwidtll

IIc c.ol]]pard to 1 /Y’~, it call IW SIIOWII tlIat 7LVq i s G a u s s i a n  wit,ll  7JCIO II ICaII aIId varial)cc

iVO/21i,.  Collllmrillg  ( 2 2 )  witlll  (6) illdicatjm  tlllat  lmtf]l  ilIc  I)asclmlld  mrrim km]) aIId tlIc  II”

c.arrim loo]) lIavc  tlIc sal]m  coIIl, rol signal  i]) t,crI I Is o f  sigl]al  ])OWCI  aIId  IIoisc  vaI ia]lcx:.  A s  a

result,  tlm c.arrim  Irac.killg; varial)cc of tlIC Imsd)alld  1001)  will Iw tlIC SaIIIC as d ljllaselockd

100]) tulld to tll(! 1 1“.

l{c:call  tlIat tlIc: squal-c-wave sul)c.alricl”  was Kco]dcd  at l)asc})alId  ljy il)dividllally  ]Ilixil~g

cac.11 of its IIarlnollics  C1OWII h I)asel)alld  and tlICII mcodil]~ cad) IIarlllc)llic.  sq)aratdy.  11’()]

cadl sul)carrim llarnmnic  retail  lcxl, four Lascl)alld  signals ~,ivcll by (1 5a)- (1 f)d) wcw actlll  -

ally Icc.ordcd.  A s  SIIOWII ill 11’ig. 3a,  cacl  I IIar]lm]lic  o f  t,llc sul)carriu  is  filst  ICad flolll  tlIc

talw rmmrder a~ld damdulatd  i n d i v i d u a l l y )  and tlICII ~JIo~mly wciglltd  AIId SUIIIIId  to

rm.o])stlructl  tlllc  l)rolm ill-l)llasc  aIId qUadratl UIC: saln~~lcx  for ilie v a r i o u s  (;OWIS 1001M. ‘J’hc

[Itllllc)cl(llatiol]  ~)rodures  require t,ltc four rccordd sigl]als  of cd) suhalricr  lIal IIlollic lwil)g

I m lt, il JIid by tlIC cstri  IIlatxd  M IJkI rcfm:l) cm
A A

, sill(~)c)  and Cos(t)c)t and tllc cst,ilnatd  sub
,. .

carricl l)anJm)ic rcfcrcnlccs,  si)l(7n  Gc) a]ld  cos(7n@c) wl]crc  7n i s  all odd illtcgcl  dqmlldillg;

OII tJJC suhmrrim llarmoIlic uIIdc:I cc)lisi~lclatic)]l.  As dq)ic.td  ill l~ig; . %11 tlIc rmult,illg  sig)lals

arc Citl]m a d d e d  or subhactld  to rdaill  txmm at, E)C - {)C and 7n(E)~,, - 6$  U), aIId dilllillatc

tCIIIIS  at G)C + 6, and 7i4E).u -1 OSu). ‘J’IIC detai ls  of  tllIeSC dcvlmdulatio]l  ~)rodums  am })1{)-

vidd  ill tllc Al)pcllclix  A of [6]. lIh CII of tllc  dcl)mlulatml  sif,llals of a IJarticwlal  sul)calricr
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IIannollic  i s  thmI pro~m]y  weighxl  aIId SUIIIIIICd  to rccolIshuct  tjllc desird  c.oIItrol  signals

for various tracki]lglool)s. lJormalIl~dc,  ill tllc:suLc.arrim loop dc~jidd  011 tlIch}) llalfd

]{’;/,. 3~, t]lC ?71 1 1 Ly ;;=th },arll~o]li~  am sca cc 0 1 1  tlIC iII-plIasc  arll],  aIId ;,~m sili(LJmWSti)  oII

tlIC quadrature am] (W8U is ih[! sut)carricx  wi~ldow s i re ) .  Sulmcqumltly,  t(lIC scald  ill-])llasc

sig]lals  Corrm}m)lclillg  t,c) cad) IIa,rl]lo)lic  arc addd to for]]] tlIC illl)utl  to tlIc  ill-l)llasc  syl II

L o ]  acculnulator  wllcvwas,  tlIe  scald quadrat,urc  signals  are dddcd  to fc)llll  tlIC ill~)ut  to tlllc

quadrat,urc syInl)ol  acculln Jlator. ‘J’IIc pmduc.  t d tllc i]l-})llas[:  ac.c.u]lmlator  outl)ut,, }; ill I’ig,.

3a., and tlIc  q u a d r a t u r e  acmllmlatlor  outl~)ut,  1’~,~” iII k’ig. 3a,  is tlIc  sullc.arrim  loo])  c.olltro]

sigl]al.  ‘1’lIc syInlml  acc.ullmlator  outl)uts  c.c)llcsl)c)llclillg,  t o  tjllc P}L .syl IIl)ol al(: givml as [(i]

}:= Jidwos(dd:,  jj (;2 cows”)) -1 ,~},
,=  1

JCxfd

(24 )

al]d

d

,,
}:,8,,  ~

(

sill  (j7r W~tl
1)0/  COS(4C);2 ;;  -  j2

) .sill  (j ~~~,, ) ) -{ tl}q,a” (25)
,>1
J odd

wIIcm  tlIc  illdc~mldcllt  Iloisc tc!rIt  Is, 71)7, a]ld 71}zQ,,U, arc SIIOWII ill Al)~jmldix  A of [6] to ltaw.:

variallm A’o/(21’) and ATOW~U/(27’),  rmlwctivdy,  a s  1, ap])roacl)cs  i]lfillity  ii] tllc almw two

cquatjic)]ls.  ‘J’hat  is, for sufficimlt]y  la]go  1,, tllIC ]Ioise varia]lcxx  of 7LI~,  alIcl  71Y~,,,, arc al)l)roxi-

ll~atdy tllc salllc  as tllc variallc.m  of n~, and ?IXq,8U ill (7)  at]d (8),  rmlxztlivdy.  l“llrtllcllllol(’,

tlIC signal  part of (24) and (’l), a]]d (25) a.IId (8) arc also equal as 1. a])ljroadlcx  illfi]lity. ‘J’llis

(8) g;ivcll  a s  f o l l o w s ,
1

)) (~~,,) = $ fj -.2 COS (j(#J~u) (M)
,, 1 .I
J odd

and

(27)

;odd

As a rmu]t of the suhcarrim  100I) acml]mlator  out~)uts  of tllc AIW a]ld 11’1’11 tmi]lg a])~)rox-

ill)atdy  cclual  f o r  suflicimlt,ly ]argc 1,, t,lIc cx)Iltrol  signals,  )~lj,$,,  aIld YY~t ~g,~~,~ aIICl tra~killg
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variallc.c  of both loops Cal] also he SIIOW]I tc) bc qua].

Next, M’s c.cnlsidcr  tile sul)})rmsd cmricr wit]l sul)carlicr loo]) also SIIOWII i]] l“ig. 3a. As

sllc)w])  ill tl]c  f i g u r e ,  ii is a Chstas  loo})  sllarillg  tllc! salllc  ill-pllasc  al-1[1  wit]) tl]c  subc.arricw

Costas  l o o p .  IIm]cc,  tlic su])])rcxsd  c.arrim  iI1-~)llasc acmllmlator outl)ut,  };, i s  a s  given

ill (24).  ‘1’IIc ~)rocmsing  ill tile su~)~)rmsd  c.arricr  loo]) q u a d r a t u r e  arlll  is very silnihw  to

that  of tlie subcarrim  1001). IIa]cc, followi]lg  tllc salnc dmivatic)ll  as ill tllc sul)carrim loo])

quadrature arm, the sup~msscd  carrim q u a d r a t u r e  arlr] acmlrmlatioll  mm the V}’ syllll)ol

(28)

jodd

A s  bcfcwe, tllc cxluivalcuice  of tllc SUI)l)ICSSCCI carrier IOOI)S of tlIC 11’1’1) a]]d A1{X is csta\)-

lislld  by c o m p a r i n g  t,lic ill-~)hasc and quadraiur[! ac.culmlator  out])uts  of Lot]l IOO]M.  ‘J’hc

cxluivalcl]cc  o f  tile ill-pllasc  arlns IIas alrmdy  lmCII  sllowl)  carliw. ‘J’lIc signal  ~)art o f  tllc

quadra tu r e  arln acclll]-)lllat}ic)l)s  givcm by (1 2) and (?8) arc sccll  to Iw cquivalcnd}  aftm ldtlill{!)

1, go to il)fil)itjy  ill (28) a]ld tl)m) using  (26) for tlllc  ilifillitc  sun]. ‘J’IIc IIoisc part of (12) aI]d

(28), as 1, a*,J)roadlm  il)fi*lity  ill (28), call also IW sl,ow],  to l~avc  tl,c sall]c  variallcc (Are/27’),

lhlrtl]mimc,  it, call h: sllowvl t h a t  Il)T,, and t~~~q,,,~ arc ullcorrdatd  to m(l) oLIIc],

‘J’lIc  cxluivalcutm o f  t h e  AIM alld  11’J’1)  lcmlm IIas bcml sliow]l  as 1, a~)~)roadlm  illfillit-y.

N o w  c.ollsiclm tl]c  c.asc wltcnl tl]c  i]l~)ut  to tl)cm loc)~)s is balldlilnitd  so that tllc sul)carrim

is lm lollgm  a square-wave ‘J’llat  is, cnllsidcr  tllc CZISC W1)CJI  1, ill (4) is slllall.  l]] this  case,

tllc AJ{X a.lld 11’J’I ) ]oo]m am ]Iot, cxpc:cM to IIavc idmltic.a]  l)mforI1mllcc, IIlaillly l.mc.a.usc

tJIC AIW is dmiglld  to LC optitlmlll  for a squzm-wave  subcarricr. ‘J’lIc  ~mfcm[lallc.c  of Lc)tll

subc.arlicr  100})s  fc)r a fillit,c  ])UIIILCH’  of liarlI)ollic.s  at tllc ill~)ut is Currmlt]y  ullclcr illvmtigatiol].

‘J’IIc AIU pmforl)lal]cm  i s  bcillg  qual]tifiul  f o r  bc)tll all ul)filterd  a]lcl filkrcxl  square-wav~

rcfmmlcx  sigqlal.  IMativc  to tllc cxisc wllml Imt]l tllc ill~)ut, and rcfcnmlm  sig;l)als  arc l)crfmt

square wavm, t,lle  first case (filtmcd illpu~, ullfilterd  refcmlicc)  is cx~mctd  to nave degraded

lmforllmlcc  Imc,ausc t}]c rcfcxcl)cm is IIO loIIgcr hnatd]cc]” to tllc  illl)ut. ‘J’l)c filtcrcc] ill})ut,,
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filtmd  rdercmce  case  is cx]m.tml to be tmttm thaIl case  o]]e but, worse  tlall the 11’1’11 Iocq),

wllidl also usm a filtcmxl squarewavc  rdmcu)cc. OIlc lnigl]t  ilmldiatdy  woIidcr w]ly tllc

sccolld case  is cx]mdccl  {c) bc worse t,llalt  t,}tc 11’1’1) wltclt  })ot,}J usc filtcrd Iefmcllcm.  ‘1’}1(2

mail]  rcasoll  i s  that AIW clirdly ~nixcx tllc filtcmd rcfmcv)cx:  wit,]] tllc filtmd  i]]])ut wllicll

gives rise  to cross-]  )roduc.ts  at tJIe ]nixcr  cmt]jutf  whereas, tllc 11’J’11  cli]IliIlatlcs  c]c)ss-])][jclllcts

t)yi]lclividllall~~ ]]lixil]g,  tllcfiltcrcd  signals  c)]lclla]]l]()]licata  til]]c.

IFi]lally,  co]lsidcr  tlic:c.o}lc]c:]lt  bascballd  dc]nodulation  ofthcsignalstllatl  wcrcrecordd

as a rcsu]t, of t]ic  dirmtj  clc)w~llc.c)l]vclsic)l)  SC.] ICm IC, tile s(:co]ld rmordil]g  scllcl]]c dcsc,rihcl  i;)

sm.tio)l  3. As indicated cmrlim, t,l Ic dmnodulat,or  for tlIc  dircd  SCIICIIIC is vmy  si)nilar to tllc

two-stage dowIlconvcrsiol)  sclIcmc  dc]]mdulahr  excq)t  t,l]at,  tllc forlncr rcquim a lit,tlc  extra

])roc.cssillg.  s]mcifically,  t,}]c rccordd  signals for tjllc direct sclim)]c,  givml I)y (1 tia)- (1 &l),  are

mlnbillcd  to yidd tllc sigl)als SU$”) , .f’[lj~’),  StlJflJ  and SUj~’)  w}licl) were t}lc ill])ut  signals

t o  tl]c two-stagw  dclldulator  dcscrild  ill tliis sdiol]. l“ro]n  (29)-(32), it is c]car that t,}Jc

input signals to the tfwo-stag;c dc]]mdulator  calI h g;cj)cratld  I)y using two adders al]d  two

sul)tl-ac.tc)rs (}XW  llar]Ilo]lic.)  OII t,lIe signals  S{J~~L), ,9U~~’L),  SU$’L), aIId ,$’U~V’). Ai’tc]  tllesc

a d d i t i o n s  and subtractio]ls,  slIowII  ill l“ig. 3b, tllc rmt of tl]c signal  ~Jroccssillg  rcll]airls  t,llc

salm as tile })rcwious sdIcx IIC.

5 Rfquircmellts
mm

for Software 1 mplementation of’ the

As i]]clic.atccl  earlicx,  tlIc  11’1’1) dcpic.kd  i]] l’ig. 3a is ta]gctcxl  fc)r iIIl})lclIlc]ltatic);]  011 a gCl I-

cral ])ur])cm e]lgil]ccrillg  works  tatio~l. ‘J’lIc ])ri]nary  COI)CXHII  wit]i  a software illll)lcll]clltatioli

is whdhcr  a gmlm-al purpose works tatioll  call 1)1 oviclc il)c  cc)lll])lltatioIlal  spd rccluimd  for

ma] tilm proccxsilig  of tltc rccordd signals. 1“0] cxa]n~)lc, if t,lJc rcmivd  sj~lJJIJol  rate is 1 K

sy]nbols/scc,  a.rld tllc A/l) salll~)lil)g  ra.tc is 101{ sallqdcs/see, tllcnl  a real tilllc  dmnc)dulahr

would process 1 OK salnplm/sm  al)cl ddcct 11{ sylnt~ols/see, ‘J’llis  swdioli  first dc!tmnillm
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tfllc  ct)l~]])lltjatiol)al  spcml mquircd  (ill o]maticJns/sex) for illl])lc:l{lc)ltillg;  tlic 11’1’1)  ill real time

WIICII tJIC  sy]nbo]  rate is 1 K syJnbols/scc  al]d IIIC saln])lc  ratjc is 1 OK salnplcx+/scc. Ncxt), it

ddcmnillcx  tlIC f eas ib i l i t y  o f  illl])lcl]-lcl]~illg  tile 11’J’1)  o]) a SUJ] Spare 2 a]]d SUII S]HIIC 1 0

l$~ol.ks~,at,ioll .

I{ C!G311 that

(A =/ 90°) and

ditlio]l  and  l~lllltji])licatiol])  o])cxat)ioIls/seo  for a givml  lnodc, (all  }.)C Colll])ut!c!cl  by Sc!])alatdy

mu]~tillg;  tlIc c)])Clatlic~lls/salI]l)lc  allcl  cj])cIatlic)l)  s/syll]l.jc)l  ill Fig. 3a  a]lc]  tl)c]l IIlulti])lyil]g  by

tllc o])matliolls  at LIIC saln])lillg  rak and tlIC o])matiol)s  at tllc sy]nl)o] rate. hlatllclllatfic  ally,

tlJC two ]nc~clcx  for tl]c 11’J’I  ) arc tlIC rcsiclua]  carr;m wit]) suljc,arrim  ]JIC)CIC

tllc  su])])rcmd carricx  wit]} sul~c.arrim Inodc (A : 900). ‘J’l,c ],u]]]l~m of (acl-

( (IIo. of ‘-+ ‘  allcl ‘ x ’ )  OIN IOh’saln])lm

) ( - ) (

_ {  (Ilc).  c)f ‘-l ‘ allcl  ‘x’) 0])s
q)s , -

Sall)p]c Sc!c. Sy,,ll)c)] )  (]]{s~:fl”)o]s)
(29)

Wl]cm  tlIc saln])lc  and  sy]nho] (floati]lg  ]mi]]tl) o])mat)icjlls  fc)r tl)c  cdlcwllt  clmllodulator  ill

l“ig. 3a am taljulatcd  ill ‘J’al-)lc 2. l]otlI  adclitio]l a]td Ilmlti]jlicatiol]  lIa\c lKXUI coulltcxl  as 1

o])uatioll  cad). 1(’L]]tl)c]]I]c)]c, tlIC look-u])  tahlc  olmatiolls  am at tllc salllljlc  rate sillcc tlIC

look-u})  tab]c i s  cc~llsidcmd  to bc ])artf  c)f t,lic carrier a]id sul)call  icx NCos. ‘J’llc  cc)licrmit

dmnc)clulatc)r  fc)r tlIC clird Clc)l$’llcc)lll’clsioli  SCIICXHC ]Icwds fc)ur I i)orc salnl)lc  c)lmaticnls  lx]

IIarlnc)nic,  as sllow]l  ill l“ig. 31.), a]lcl i s  ]lot Cc)l)siclcmxl  sc})aratdy. Wi{,]l tlIC IIUIII1)CI  c)f

‘t” ])a]]])~])i~.s  MK.c)]<IcxI) i]] ‘J’al.)lc 2, t,l Icw: a]c 7 1IIarlllc)llim, I), cxlua]  3 (i.c,,  tllc  lS(, 3’d, .a]lcl  d

o])clatliolls/salJ]])lc  al]d 48 o])mat<iolls /sy]nl.)ol for tllc rmidua]  carricx  l]]cdc,  a]ld tl]cm  alc 98

c)])clatliolls/salIi]~lc  ant] 39 o])cla{ic)lls/syllll~c)l  ill tllc  stll)~~mssccl  Carricx Inc)cle.  (Toll  squcmt]y,

a!, 1 1<s])s  a n d  1 0  KJIz  salll])li]lg rak, a rca] tilllc ])rc~c.msc)r  WC)UICI I)c rccluirccl  to ]~roviclc

7581< 0])s al)cl 10191< o])s for tllcrcx+idual  c.arriu  aIId su])])I(:ssccl  Cdllicll]lc)clcs,  rm]jcxti\’cdy.

‘J’al)k 3 lists  t,l]c t]lrough])ut,  utilixcd  by a. soft,warc  illl])lell~clltatic)l)  o f  tile 11’J’1) fol  v.aric)us

c.olnl)utcrs.  'J'llro~lglll~~lt,l  -llcas~lrccli  llsyllll)()ls/scc,  isclcfillc(l  astl]cc .c)llll)~ltelstc)  tal ca~)acity

fc)r ~~ork. II) ‘J1al~lc3,  tl)cpmccmt  t,llrouglll)ut  ( a t  I O K  salnl)lin,g  ratcalld  IK sy]nbol  rtitc)l

u t i l i z e d  I)y a Su]) SS-2 was  obtaillcd  by silnulatil]g  a l)ortion  of tlIC 11’J’1) 01] tlIC SU]I S S -
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,

2 and then lil)carly  cxtra]mlatil]g  tllc rmu]ts to ddjcmllil)e  tile tllrougl]~)ut  u t i l i z a t i o n  for  ii

soft,warc  illl~)lelllclltatioIl  of t,llc cn]t, irc 11’1’1).  ‘1’lic t,}]rougll~)ut,  of t}le rmnaillil)g  coln~)utcm  wcm

obt,aillcd  by lillcarly cxtral)olatillg  tile  Sui I SS-2 results  usiflg tllc S~]mf~)92 bcv]dlrnark.  A

S])mfp92  rating of a computer, ot)t,ailld  Ly ru]lllillg  a c.olldicnl  of m]]lli]o]]ly  usd ~)rogranls

011 a. targd systmn,  is a ~m!a.sure of its }mrforlnallcc  rdativc t,c) a VA X-1 I /780.  l~or cxa.]]]~)lc,

tlIC SUII SS-2 is CXIWCLCC1 to pcrfom  22.8 ti]ncs  bdtcr  tllall  a VAX-11 /780 sillcc  its Spccfp92

rat ing is  22.8.  I t  is  ckar from ‘1’al)le  3 t}lat  scvmal  c.om~)utcm  will bc able to ~)roccss  t}IC

rcxmdcd  data in ma] ti]nc.

6 Post-Processing St)ratcgics

]’oshproccssing  is O]IC of tllc kcy features of tllc  1{ ’1 ’1) as it allows tl)c 11’J’1)  to rcmvcr

data lost clurir]g acquisitioll,  and rcs~’llc)lrollizatic)ll. Sillce  t}lc received  signal  is rmorclml,  tllc

11’J’1)  Cal) usc  diffcrcllt  cm)figura.tiolls  (cog. diflcm]t  100]) Lalldwidtlls)  t o  ])roc.css the siglizd

allcl  obtai]} better pcrfor]nal]cz. A ]norc! sc)p}listica.tcd  strategy rc]ics  011 ‘(s]llootlli]lg” to usc

i]lfor]]]atiol]  obtai]]c{l  froln  tl)c  signal  a f t e r  it IIas I)m]l  a.cquirccl  to  go back  ill til]lc  aIId usc

tllc extradcd a priori inforlnatioll  illtdligclltly.  S~mcific.ally,  l<alJnall  filtcm  or lJCast-Squares

cstilnators  [7] cm] bc used to ])roccss  tllc data backwards wllcrc tllc signal  state is forlnulatjccl

using  tllc ])llasc, frcqucl]cy,  and/or fmqucll[y  rate o f  tllc illc.olllillg  signal  after acquisition]

a.lld tllc c.ovaria.]lcc  ]mtriccs are illitializd  with  tllc a])})ro])riatm  tracking jit,tcrs.  Allotller

a~)proadl  rdim c]ltirdy  0]] tile illforl]latioll  colitaillccl  ill t,llc s t a t e - s } h a c x  rc})rcsclltatiol]  of

tJIC  loop filter. l)cpcllclillg  011 its order, t}le  filter Cmitaills  illforlllatioll  0]) t}le freclumlcy  alld

l)ossib]y  frcxluc])cy rate of t}lc signal. IIy })layilig  t]lc  data bac.kwarc]s,  tl]c  frcqucllcy rate is

rcwcmd ill sign al]d by a.djust,il)g  t,])c! a.~)l)rol)riatc!  statm o f  t}lc ]001) fi]tc!r,  t,]lc l)]la.sc! ]ockccl

loop call bc rmdc to go back ill time w}lilc  startirtg  ill lc)ck.  All tllmc tcdlltiqum  arc currmltly

lwillg  invcxtigatcc]  allcl  t,lleir rcx~mctive ~)mforlnal)cm  asscxsd.

l’rdi]ninary  work, however, 011 proc.cssillg  a~]d ro])roc.cssillp;  rccordcd  saln])lm  of tllc dowIi-
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link carrier has bcc]l  performed [5] where all ada})tivc  carrier 100]) balldwidth  sclcc.iicn)  al-

goritllln  is used for reprocessing rccorclcd  saln])lcs  of tlm clmwllillk mrricr froll) tl]c  Ga]ilco

s]mcccraft.  Ccmsidcr  l“ig, 4 (rcprilltcd fro]]] [5]) which snows  tllc 100})  balldwidt}l  required to

track tllc Galileo downlillk  carrier as a ful]c.timl  of elapsed tilllc. ‘1’llc track bcgills  by scttil]g

tllc carrier plla.sc-]ocked  loop (1’1,1,) to all initial loo]) balldwidt]l  l~(,. l“or cxa]]]])lc,  co]lsidc]

the sol id  li]lc ill 1+’ig. 4  w}lich corrcs~)onds  to IJo = -  0,1 IIz. III t h i s  case,  all tf})c rccordcd

sa]np]cs  arc initially  tracked wit]] a loop ba~ldwiclt,lj of 0.1 IIz a~ld tllc t,ill)cs at w}licl) tllc loop

loscslock  arcrccordccl.  SaIn])lcs  lost  cl~llillgt  l)co~lt-of-lockst  atcarclccc)\’crccl by backward

J)roccssil)g  of tllc saln])]cs. ‘J1}IC balldwidt]]s  used for backward })rocmsillg  arc indicated by

t]lc  “sJ)ikcs”  i~l ]“ig.  4 .

‘7 Conclusion

‘J’llis article prcscnltcd  tlic IIuffcrcd  ‘J’clmllctry  1 lc]Imdulator (11’1’1 )), a software rcccivcx

tl)at is suitab]c for low cost s]mcc IIlissio]ls  cl]aractcrizcd  Ly low data rates, a]]d rclativc]y

weak  dow]lli]lks.  ‘J’l Ic first a])l)licatio]l  of tllc 11’1’1)  will bc t}lc  NASA’s t;alilcc)  S-lla]ld h4issioll

wllcrc tl)c  symbol rate will rmlgc  fmll]  32 S1)S to 512 S})S and tl)c  syItll.wl SNR  will Iw as IOM

as - 1 0  dl~. III sccmarios  SUCII as Ga]i]co  wllcrc tllc link lnargill  i s  v e r y  low,  trac.killg  ]OOI)S

~)ot o]l]y take al) ul)usually  lo:)g t,illm  to a.cquirc  l)ut  oftc]l sli})  c y c l e s . ‘J’lIc  II)aill  advalltagt:

tlllat tlic 11’1’1) has over cxisti]]g  dcq) s]mcc  mxivcrs  is that oIIc.c acquisition]) occurs, it CdII

usc csti]natm  of tl)c signal state (sucl  I as frcqucl]cy, plla.sc , a]jd do])])lcr  rate) to basically go

back ill ti]]m and rccovcr t,l]osc syIIIbols  lost duriI]g  acquisition, rcsy]lc}lro]]izatio]l,  al]d cydc

slil)s. l~urt,llcrlnorc,  sillcc t,l]e pro~)oscc]  recording  SCIICII]C!S  individual ly record cac}l su})carricr

]~arlm]lic,  the 11’1’1 I can bc casi]y  imp]clnc~lt,cd on scvcra]  gcl]cra]  purl)osc  workstatio~ls.



Glossary

incoming Grric.r l’base

l’rmlic.tcxl  Carrier l’hasc

hrricr l’base offsd = WC - ~,

brricr ]’base oflid I;stil[latc

~arricr l’hasc offset l;rror =- EIC -- 6C

incoming SuLc.arrier l’base

Prdictccl  Suhcarricr  l’hasc

Subcarricr  l’ha.se Ofrsct =. W$U - $.U

Subcarricr  ]’hasc OfTset  Estim atc
Subc.arricr ] ’base Oflsd l’hror  = O.u - {)$”

in’~’ suhcarricr  IIarlnmlic,  dcrid frol]l  lnixillg tltc rec.cuvd signal with ~slll(WC)  si11(7n W~l,
A.’

)

the low-pass filtered  vcrsioli  of X SU&”)

nt~t’  subcarrim  IIan[lollic, dcrivd  frolll ]Ilixi]lg  tile rcccivd sig]lal  with ~siIl(jJC) Cos(7n~3ti)

the low-]) ass filtcrd vm-sio]i  of X S/J$”)
?nt)’ suhcarricr  IIarnlollic,  dcrivd fro]n ]nixing  tllc rcceivd  siglial  with /Z cos($, ) sill(nl$,u)

the low-pass filtered version  of X S(J&’)
?nt” SU~JC.arl”jCI  haI_IIIOlliC,,  dcrivd frol[i  Illixi]lg  the rcccivd signal  with /2 cos(i C) c.os(?n$~u )

t,l)c low-pass filt,mecl vcrsioll  of X S’U$l)
lnt” subcarricr  harlnollic.,  [lc]-ivml  froltl ]Iiixi]lg the  rcweivcd sig]lal  wit]l ~j si]l($c + nl~~u)

tllc low-pass filtcrd vcrsio]l  of X S/J~~’)
?ni}’  subc.arrier  harmonic,  derived frorll ]l]ixiIlg the rcccivd  signal wit]l  <i sill($c - 7n$8U)

the ]Ow-])a,ss  fi]tcrcd  VCISiOll  of ~ S/J~~’)
mt” sul)carricr  lLarlnollic,  derived frol[l  Inixillg  the lcccivcd signal with <2 C.OS($C 4 71L$~ti)

the low-pass flltmd  vcrsicnl of X StJ$’L)
7nt}’ subc.arrier harmonic, dmivcd  frolrl lllixillg  the rec.civcd  sigllal  with ~ c.os($C – 7n$~U )

the low-pass filtered vcrsioll  of X S’[J~~’)
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Table la, Loss in data power as a funcllon of subcarrier harmonics.

1 liglicst  recorded Number of subcswricr
subcarricr  IIrirlllo]]ic, har,t,onics  at A/I) ],0SS,  dl+

1, output , 7i

1 1 0.91

3 2 0,45
5 3 0.30
7 4 0.22
9 5 0.18

Table lb, Loss in dste power due to
ideal low-pass filtering of data.

-.—.
J], uY’ 1,0SS,  d})

1 0.44

2 0.22

3 0.15
4 0.11

5 0.09

Table 2. Required number of operations for the demodulation function (n Is the
number of harmonics recorded),

Mode
Multir,licatio)) hlultir,licatiol[ AdditioI1 Adclitiol,

oI>eratic,ns opera tic,l,s o~, cratiorls oIwrations I,cmkur, tahlc
]JC1 salllI,lc ~)cl Synll,  cll ~,cr salIII>lc  pcr  SYIILLC,l

l{csidual car, ier wit}l sul>carIicl G + 81L 14 13 i Gn 24 4 + 2n
S!ll,l,rcsscd carrier wit}] subcarjicr 4+ 14n 14 1 2  + 1071 25 4 + 27,

SuJ,J,lcsscd  can icr wit}) lW sLll,carl-icl 6 12 10 17 4

Table 3. Throughput comparison (n Is the number of harmonics recorded).

System

SU1, S*2

sun s$lo/30

sun sslo/41

su]i SS-10j52

SGI Crimson

}11’ 710

11P 750

1tth4 34o

It+hl  560

lnkl  Xpress (486)

sF’I;cfp92

22.8

52.9

64.7

71.4/cI’u

63.4

47.6

75.0

51.9

85.G

14.0

}’c] CCIIL throughput utili~,cd
(,, =- 3)

100

43

35

32 (on O1,C ~pu)

3G

48

30

44

27

1 GO

1’crccnt t}lrorrgliput utilized
(n= 5)

151

65

53

48 (011 o~te ~1’U)

54

72

45

6G

41

242
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